The purpose of the study was to develop pedotransfer functions for determining saturated hydraulic conductivity (K s ). Pedotransfer functions (PTFs) for predicting soil physical properties used in determining saturated hydraulic conductivity, based on moisture retention characteristics, were developed. The van Genuchten moisture retention equation was fitted to measured moisture retention properties obtained from International Soil Reference and Information Centre (ISRIC) soils data base in order to determine parameters in the equation i.e. saturated soil moisture content (θ s ), residual soil moisture (θ r ), air entry parameter (α) and the pore size distribution parameter (n). 457 samples drawn from the data base were used to be the maximum possible sample size that contained the measured soils characteristics data required. Using statistical regression, mathematical relationships were developed between moisture retention parameters (response variables) and appropriately selected transformed basic soil properties (predictor variables). The developed PTFs were evaluated for accuracy and reliability. It was found that pedotransfer functions developed for θ s produced the best performance in reliability compared to the remaining parameters yielding a correlation coefficient value of coefficient of determination (R 2 = 0.76), RMSE = 2.09, NSE = 0.75 and RSR = 0.5 indicating good performance. Relatively poorest performance was obtained from the pedotransfer function developed for α which yielded a correlation coefficient, R 2 = 0.06, RMSE = 0.85 and a NSE of 0.02 reflecting the best possible equation derived for the parameter for use in predicting hydraulic conductivity. Out of the pedotransfer functions developed for each of the moisture retention parameters, the best performing PTF was identified for each parameter. The accuracy of the pedotransfer functions assessed based on R 2 were for θ s (R 2 = 0.80), θ r (R 2 = 0.42), α (R 2 = 0.04) and for n (R 2 = 0.30), when the variables were expressed directly in terms of the selected transformations of the basic soil properties.
Introduction
Hydraulic conductivity is an important parameter that influences hydrological processes which affect flow in rivers. For instance, ground water flow is determined by saturated hydraulic conductivity (K s ). A number of formulations have been developed over the years to predict soil hydraulic conductivity from readily measurable soil properties. The need for mathematical modeling of K s arises from the fact that insitu or laboratory measurements of hydraulic conductivity are time consuming, labour intensive and expensive as noted by [1] , making it practically unlikely in reality to collect permeability data. Besides, direct measurements are also unreliable for site specific applications. The use of pedotransfer functions is an alternative to determining hydraulic conductivity and involves relationships that enables K s to be predicted using measurable soil physical and hydraulic properties. K s serves as an input parameter in many hydrological models. There is no specific method considered most accurate in determining K s as the method used depends on soil and environmental conditions. Furthermore, data on K s is not readily available in most local soil survey data bases and even where they are available, the reliability is not guaranteed. There is uncertainty in the prediction of K s using existing pedotransfer functions. Methods to develop PTFs are also unknown and not well understood especially in Africa. Well known moisture characteristic functions are based on parameters that can be determined using moisture retention characteristics. Such data is not readily available in most soil data bases. It is essential to estimate such parameters using basic and easily available soil properties like bulk density, texture etc. Attempts to develop such equations is rare. [2] notes that modern simulation and analysis of hydrologic processes relies heavily on the accurate and reliable description of soil water holding and transmission characteristics. Predicting K s from basic soil properties using developed pedotransfer functions is based on analysis of the existing data sets, an approach applied in agricultural hydrology and watershed management. This research demonstrates how pedotransfer functions can be developed from a data base, with limited soils data, in predicting van Genuchten moisture retention parameters, a step in predicting K s from readily available data on basic soil properties available from soil survey data. K s can be indirectly predicted from soil properties using moisture retention equations like van Genuchten, Brooks Corey etc. where data on moisture retention curves is available. This technique was used in the study. Readily available data on measured K s is rare and characterized with uncertainty on their accuracy as different methods in different environments yield varied results as observed by [3] therefore necessitating use of the indirect methods.
Three types of pedotransfer functions are recognized [4] . One category predicts soil moisture retention from basic soil properties. The other is based on point prediction of water retention characteristic as used by [5] to predict points along the moisture retention curve on Iranian soil. Another category involves prediction of parameters in models describing the θ-h-k relationship. This latter approach used in the study involved pedotransfer functions that relate the simple and easy to measure soil properties to van Genutchen moisture retention parameters, a notable gap in the science of development of pedotransfer functions. Most established pedotransfer functions for predicting soil hydraulic characteristics from continuous soil properties are based on statistical regression [6] in which the response variable, y, predicted from a number of n predictor variables, x i yields the statistical multiple linear regression tool expressed as 1 , 1 , ,
where "a" is the intercept, b i is the regression coefficient and ε is the error. The procedure to develop the pedotransfer functions involves steps which include: The first step of statistical analysis is intended to test if each response variable distribution may be considered as normal distribution [7] . The normality of a distribution is tested by certain statistics like the Shapiro-Wilk (Wvalue), Skewness coefficient and Kurtosis. The shape of the distribution is determined by a measure of its Skewness which is given by the equation,
where S is Skewness coefficient, s the standard deviation, x i the observation value, x the mean value and n the number of observations. For a normally distributed data, the skewness = 0, hence the closer the skewness coefficient is to zero (0), the better the normality of the distribution. The level of Kurtosis also provides information about the extent of the normality of the distribution and is given by,
The measure of Kurtosis is zero (0) for a normally distributed population. Graphical aids used to check normality includes the normal probability plot.
Mathematical relationships between potential predictor variables and the response variables are checked by detecting exponential, logarithmic, or square root tendencies. Important to eliminate is the problem of redundant information in the predictor set brought about by linear dependence between predictor variables [6] . This problem of multicollinearity can be examined by means of correlation matrix. Common statistics used in evaluating pedotransfer functions include [4] :
Multiple determination coefficient given by
Root mean square error given by   
where y i denotes the actual value, the predicted value, and ˆi y y the average of the actual value and N is the total number of observations. [8] evaluated performance of different pedotransfer functions for estimating certain soil hydraulic properties that include Available Water Capacity (AWC) using R 2 , RMSE and ME. [9] Copyright © 2013 SciRes. OJMH
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used only RMSE in assessing pedotransfer functions developed for predicting hydraulic conductivity and water retention.
The van Genuchten water retention equation which relates moisture content (θ) to the soil matric suction (h) and is expressed as follows;
where
To determine K s , the hydraulic conductivity function used is expressed as
To determine K s using the above equation, a relationship between hydraulic conductivity and matric suction, h is used and can be obtained through equations that relate hydraulic conductivity to permeability [10] . [4] noted that data from existing international soil data bases having measured soil data can be analyzed to enable prediction of hydraulic characteristics from measured soil data. Availability of measured soil hydraulic characteristics for a wide range of soils and from a large and reliable international data bases are considered prerequisite for development of pedotransfer functions. The ISRIC soils database was used to obtain measured data on soil hydraulic characteristics and basic soil properties. It was possible to obtain all the required measured data on 457 soil samples from various parts of the world. The data contained measured moisture retention curves as well as data on texture (Sand%, Clay% and Silt%). The ISRIC dataset [11] was used for this test. This dataset contains Water Retention Curve (WRC) for both topsoil (between 0 and 20 cm depth) and subsoil (between 20 and 100 cm) from many countries in the world. It has 8 levels of measured suction potential (at 0, 0.1, 0.312, 1.0, 1.99, 5.01, 2.5, and 15.8 m) (Figure 1) . The lowest suction potential was taken as 0.01 to avoid errors with logarithmic transformations. The observed moisture retention curve obtained from measured data on moisture retention characteristics was fitted to the van Genuchten moisture retention Equation (11) 
Methodology

Data Collection and Analysis
where (h) is the soil moisture content at h suction potential,  r is the residual moisture content,  s is the saturated moisture content,  is the inverse of air-entry potential, and n and m are the shape parameters for the water retention curve representing pore-size distribution index [12] . HydroMe computer programme was used to determine parameters of the van Genuchten equation (http://cran.r-project.org/web/packages/HydroMe/index.h tml) and is executable in R programme The pedotransfer functions were then developed to estimate these parameters from readily available measured basic soil properties. Relating the moisture retention parameters to the basic soil properties then makes it possible to predict the moisture retention characteristics from the basic properties and hence enabling prediction of the saturated hydraulic conductivity. It would therefore not be necessary to have measured data on moisture retention characteristics to determine K s but instead, the basic soil properties would be used in determining the equations for moisture retention which can then be used to estimate K s . Measurement of moisture retention characteristics is quite elaborate, tedious, time consuming and also expensive especially if a large number of sites is involved. From the sample data set of 457 samples, a sub dataset consisting of 342 (75%) samples was randomly selected for use in calibration of the pedotransfer functions to be developed while the remainder portion of 115 samples (25%) of the data was used in the validation process. In development of the pedotransfer functions, the following procedures were undertaken.
Evaluation of the Distribution of the Moisture
Retention Parameters A requirement in developing pedotransfer functions is that the response (dependent) variables should be normally distributed. As a result, the moisture retention parameter of the van Genuchten equation and their possible transformations were evaluated to establish which would best approximate normal distribution. To check the extent to which the response variables would be normally distributed, statistical measures of Shapiro Wilk (W-value), Skewness Coefficient, and measures of Kurtosis were used in the assessment.
Statistical Regression Analysis
Statistical regression was performed between each transformed response variable and each of the basic properties and their transformations so as to establish the goodness of fit in each case based on the measure of the coefficient of determination (R 2 ). The purpose of this was to determine, for each response variable, the predictor variable or its transformation that gives the best quality of fit between the two when a regression is performed. This would give an indication of which predictor variable or its transformation correlates best with the response variable or it transformation.
Analysis of Cross Correlations
To establish the level of dependence between the selected predictor variables for each response variable best correlated to them, a cross correlation was performed between the independent variables by determining the correlation coefficient (r) between each pair of the vari ables. This kind of analysis is performed to determine if there is any correlation between two predictor variables among the set chosen for determining the multiple regression equations. It is preferable that the independent variables in a multiple linear regression equation be independent among themselves.
Multiple Linear Regression and Validation of
Developed Equations This was carried out between each selected transformed response variable and selected combination of predictor variables/transformation consisting of the independent variables for which the response variable best correlated as determined by the measure of coefficients of determination. The multiple coefficient of determination was determined for each equation developed to assess the accuracy of the equation. The multiple regression was carried out between response variables and the predictor variables or transformations consisting of independent variables that are not themselves significantly correlated (r < 0.5). After development of the pedotransfer functions using the given data set, their reliability is then tested by comparing the values of predicted parameters using the developed equations with the observed data using an independent data set. An independent data set consisting of 115 samples was used in the validation process. The evaluation statistic used included the correlation coefficient among others.
Results and Discussion
Evaluation of the Distribution of the
Moisture Retention Parameters Table 1 shows the values of statistical parameters used for evaluating normality of distribution for the response variables being the van Genuchten moisture retention parameters and their proposed transformations for the data set of 457 samples. The transformations of van Genuchten parameters (response variables) that produced the best approximation to normal distribution are 
Statistical Linear Regression Analysis
The quality of fit for the linear regression between each = 0.20, hence no particular transformed variable could be said to generally give the best quality of fit with all the dependent variables whether it is sand, silt, clay, bulk density or organic carbon. Also, there is no particular response variable that could be said to yield the best quality of fit compared to others for all the independent variables or transformations to which regression was performed.
The purpose of regression analysis was to identify the pair of transformed dependent and independent variables that yield the best quality of fit between them as measured by coefficient of determination (R 2 ) so that for each dependent variable, one is able to identify which transformations of each of the dependent variables would be used in developing the pedotransfer functions during multiple regression equation to relate each response variable and selected predictor variables and appropriate transformations. This would help establish the best possible mathematical relationship between the moisture retention parameters (response variables) and selected 

 yielded the best quality of fit (R 2 = 0.14) with the independent variables sand or sand 2 compared to the other transformations when a regression analysis was performed. In the case of regression with silt, the best possible quality of fit was obtained with the transformation silt −1 (R 2 = 0.04) and so was with bulk density, BD 3 (R 2 = 0.60), clay or clay 2 (R 2 = 0.12), organic carbon, ln(orgC) (R 2 = 0.27). In general, the linear regression performed between 1 s   and the bulk density transformations produced best quality of fit as compared to those of silt, sand, organic carbon and clay, showing that the best relationship was obtained with bulk density followed by organic carbon, sand, clay and silt in that order. In the case of residual moisture content, θ r , the selected transformation variable e r  related best with clay with a quality of fit R 2 = 0.32 obtained when regression was performed between e r  and clay . The poorest fit was obtained when the regression was performed with transformations of organic carbon e.g. ln(orgC) with R 2 = 0.01. α yielded the best possible quality of fit when a regression was performed with clay or 1/clay.  generally showed poor quality of fit with most of the independent variables or transformations. The transformation n −1 also showed poor quality fit with most of the selected response variables when regression analysis was performed. The best quality fit was obtained with the transformation of sand when the linear regression was performed between n −1 and sand 3 (R 2 = 0.09).
Figures 3(a)-(d)
illustrates the regression between selected transformations of response variables and the predictor variables to which they best fit. , and ln(orgC). In the case of n , the best possible quality of fit was obtained with the predictor variables Sand 2 , ln(orgC), yielded the quality of fit meas ured by R 2 = 0.63 which is considered acceptable and therefore accurate. The resulting equation is illustrated below Equation (12) . The predictor variables indicated above that related best in linear regression with the selected response variables were the ones considered in developing the pedotransfer functions using multiple linear regression. where θ s is the saturated soil moisture content (cm 3 /cm 3 ), silt the % silt, sand the % sand, BD the bulk density (g/cm 3 ), clay the % clay, and orgC the Organic carbon content (g/kg). The qualities of fit for the remaining transformed response variables are illustrated in Table 3 for each of e r  ,  and n when the simple linear regression was done with the selected predictor variable transformations.
Multiple Regression Analysis and Accuracy of the Pedotransfer Functions Developed
 
Analysis of Cross Correlation and Correlation Matrix
Cross correlation was done for the independent variables (transformations) used in developing multiple linear regression for each of the response variables 
Multiple Linear Regression Results
 (12)
For each of the selected response variables, Table 3 shows the various possible combinations of the predictor variables that were used in performing the multiple linear regression and also indicates the qualities of fit obtained based on the coefficient of determination R 2 . [4] notes that continuous pedotransfer functions can be applied in the case of more site specific applications, where measured data is available, since they do not provide site specific information. The pedotransfer functions predict soil hydraulic characteristics for broadly defined textural classes. Figures 4-7 illustrates the performance of the developed pedotransfer functions for the transformed response variables based on analysis by linear regression.
Conclusion and Recommendation
The performance of developed pedotransfer functions for estimating moisture retention parameters in the van Genuchten moisture retention equation varied for the individual moisture retention parameters. Equations deve- loped for predicting saturated soil moisture content (θ s ) yielded the best performance in model validation with the highest possible value of coefficient of determination R 2 = 0.76, RMSE = 2.09 and a NSE of 0.75. The relatively poorest performance was observed with the parameter "α" with the best possible value of R 2 being 0.06 indicating unsatisfactory performance and a RMSE value of 0.85. The remaining parameters (θ r and "n") registered performance intermediate between the aforementioned two extremes. It is therefore evidently not possible to obtain excellent performance in pedotransfer functions for all the parameters. The equations derived from these parameters would be the best possible obtainable for estimating hydraulic conductivity. Continued effort should be made in developing more pedotransfer functions to provide users with more alternative equations and especially those PTFs that use the very basic soil properties available in many local soils data bases.
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